Background: The treatment of Kawasaki disease is controversial when intravenous immunoglobulin therapy fails, although it typically relies on combinations of prednisolone, infliximab, cyclosporine, and plasma exchange therapy. The goal of the treatment is no longer merely to reduce mortality but also to decrease the sequelae of coronary artery lesions, which are the most common and potentially life-threatening complications. Recently, plasma exchange therapy has been used to treat intravenous immunoglobulin-unresponsive Kawasaki disease with coronary artery lesions. When performed before coronary artery dilatation, the outcomes for plasma exchange are known to be excellent; however, when dilatation is already present, sequelae persist. Methods: Between December 2006 and April 2015, we treated ten patients with Kawasaki disease complicated by coronary artery lesions that received plasma exchange because intravenous immunoglobulin therapy had proven to be ineffective. Here, we retrospectively review the efficacy and safety of plasma exchange therapy in such unresponsive cases against coronary artery lesions in patients with Kawasaki disease when plasma exchange performed after coronary artery dilatation. Results: In nine of the ten patients (90.0%), the body temperature was confirmed to be < 37.5°C at an average of 2.7 ± 1. 4 days after starting plasma exchange. Serum C-reactive protein levels decreased significantly from 9.9 ± 4.9 mg/dL before exchange to 1.9 ± 2.9 mg/dL after exchange (P < 0.05). One year after plasma exchange treatment, the coronary artery lesions had regressed to within normal limits in six of the ten patients. Although lesions remained in three patients, all three of these patients were asymptomatic. In addition, there were no stenosis of the coronary artery in nine of the ten patients. One patient died due to a ruptured giant coronary aneurysm 1 day after starting plasma exchange. Conclusions: In conclusion, plasma exchange may be effective in not only regressing coronary artery lesions but also preventing sequelae in patients with Kawasaki disease when plasma exchange is performed after coronary artery dilatation.
Background
Kawasaki disease, first reported in 1967, is an acute systemic vasculitis of unknown etiology that predominantly occurs in infants and young children [1] . It is characterized by prolonged fever, rash, bilateral bulbar conjunctival injection, oral mucosal erythema, cervical lymphadenopathy, and hand and foot swelling. Clinically, the course of Kawasaki disease is usually self-limiting, and most patients recover without any long-term sequelae. However, some patients develop complications, of which the most common and potentially life-threatening are cardiovascular manifestations. These cardiovascular manifestations include pericardial, myocardial, endocardial, and coronary artery lesions, such as dilation, aneurysm, and stenosis.
The current goal of Kawasaki disease treatment is no longer merely to reduce the death rate but also to decrease the coronary sequelae. To this end, early treatment with intravenous immunoglobulin (IVIG) is the standard initial treatment. However, 15.8% of cases are unresponsive to IVIG, and 38.5% of them develop coronary artery abnormalities [2] . Patients with IVIGunresponsive Kawasaki disease are currently treated with prednisolone, infliximab, and cyclosporine and plasma exchange therapy [3] [4] [5] [6] . However, no optimal therapeutic regimen has yet been established.
Recent studies have reported the use of plasma exchange therapy in the treatment of IVIG-unresponsive Kawasaki disease [6] [7] [8] . When plasma exchange was initiated before the beginning of coronary artery dilatation, no sequelae developed in patients; however, when dilatation had already begun, sequelae developed in 30% of patients despite the plasma exchange [7] . Hokosaki et al. also reported that treatment outcomes tended to be better when plasma exchange was initiated before day 9 of the disease onset [7] . In this study, we retrospectively reviewed the efficacy and safety of plasma exchange against coronary artery lesions in patients with Kawasaki disease unresponsive to IVIG therapy when coronary artery dilatation had already started.
Methods
We retrospectively reviewed the clinical records of children with coronary artery lesions caused by Kawasaki disease that had been treated with plasma exchange after IVIG had been proven ineffective. Data from the Kurume University Hospital, for the period between December 2006 and April 2015, were used. IVIG responsiveness was defined as the resolution of fever (body temperature below 37.5°C) within 24 h of initiating the IVIG treatment. Usually, plasma exchange is performed at least three times in patients with Kawasaki disease. However, if the high fever is not improved, additional plasma exchange might be performed. When the resolution of fever (body temperature below 37.5°C) was observed, plasma exchange is discontinued. The study protocol was approved by the Institutional Ethics Committees of Kurume University School of Medicine (No16219).
Plasma exchange
Plasma exchange was generally conducted as a vein-tovein procedure, although an artery-to-vein option was also used until 2006 [7] . For the procedure, a 6-or 7-Fr double-lumen catheter was inserted into the femoral vein. The replacement fluid contained 5% albumin or fresh frozen plasma, and the amount exchanged was approximately 1.0-to 1.5-fold the circulating blood plasma volume (mL), which was calculated as 1/13 body weight × [100 − hematocrit (%)]. An anticoagulant, heparin, was used at an appropriate dose to keep the activated clotting time in the range of 150 to 200 s. While this was being done, sedation was given as needed, and the patient was carefully secured to the bed to avoid movement.
Coronary artery evaluation
Echocardiography was used to evaluate both cardiac function and the coronary arteries. Dilatation of a coronary artery was diagnosed if the diameter of any artery was ≥ 3 mm in children younger than 5 years, ≥ 4 mm in children older than 5 years, or if the coronary artery size was 1.5 times that of neighboring coronary arteries. We diagnosed a coronary aneurysm if the artery diameter was ≥ 4 mm, and we diagnosed a giant coronary aneurysm if it was ≥ 8 mm [9] .
Statistical analysis
Data are presented as mean ± standard deviations. Continuous variables were compared using a paired t test. All statistical analyses were performed using GraphPad Prism 5 software (GraphPad Software, Inc., La Jolla, CA, USA).
Results

Patient characteristics
We identified ten children with Kawasaki disease (eight boys and two girls) that met the inclusion criteria. The mean age at onset was 23.8 ± 20.8 months (range, 3-63 months), and the mean body weight was 10.8 ± 4.0 kg (range, 4.5-17.8 kg). The initial treatment was started after an average of 6.1 ± 5.3 days from disease onset. Typically, acetylsalicylic acid, prednisolone, or both were given as part of the initial treatment with IVIG (Table 1) . Additional IVIG treatment was performed in five patients (Table 1) . Case 10 was treated with infliximab (5 mg/kg) 1 day after plasma exchange due to elevated CRP levels.
Efficacy of plasma exchange
On average, plasma exchange was started 13.7 ± 5.7 days after onset and was given for 10.2 ± 4.7 h per treatment over 3.1 ± 0.9 days. The detail of the plasma exchange therapy is shown in Tables 2 and 3 . In nine of the ten patients (90.0%), the body temperature was confirmed to be < 37.5°C at an average of 2.7 ± 1.4 days after starting plasma exchange. Serum C-reactive protein levels decreased significantly from 9.9 ± 4.9 mg/dL before exchange to 1.9 ± 2.9 mg/dL after exchange (P < 0.05) (Fig. 1) . Table 4 shows the clinical courses of the coronary artery lesions identified in the patients from before plasma exchange. Coronary artery dilatations were seen in four cases, and aneurysms, in six. One year after plasma exchange treatment, the coronary artery lesions had regressed to within normal limits in six of the ten patients. However, lesions remained in three patients (1, 3, and 10). Right coronary artery lesions were present in patient 1 (4.2 mm) and patient 3 (4.6 mm) 7 years after plasma exchange, although these had regressed (Fig. 2 ). Patient 10 still had lesions of the right coronary (6.7 mm) and left anterior descending (5.1 mm) arteries 1.5 years after plasma exchange. All three of these patients were asymptomatic. In addition, there were no stenosis of the coronary artery in nine of the ten patients. One patient (patient 9) died due to a ruptured giant coronary aneurysm 1 day after starting plasma exchange.
Adverse events
Sedation was given to all patients, but three required mechanical ventilation and one developed respiratory syncytial virus infection, which improved within a few days. No hemorrhage or infection was observed during plasma exchange. However, decreased blood pressure was often noted after initiating therapy, and two cases required vasopressor support. In both cases, the patients were in a condition to allow the therapy to continue. Generally, plasma exchange could be safely implemented without causing any life-threatening or irreversible complications.
Discussion
The present study supports the possibility that outcomes are favorable in cases where plasma exchange is used to treat Kawasaki disease when coronary artery lesions have developed and the course is unresponsive to IVIG therapy. Moreover, we showed that plasma exchange could be safely performed in children with this disease. Recent reports have shown the effectiveness of plasma exchange in patients with IVIG-unresponsive Kawasaki disease [6, 8] . According to one report, plasma exchange therapy reduced the incidence of coronary artery lesions in Kawasaki disease to < 1% [8] . Hokosaki et al. described that there were no sequelae when plasma exchange was initiated before the beginning of coronary artery dilatation. However, when dilatation had already begun before the therapy, about 30% (6/20) patients showed persistent sequelae. Further, the size of aneurysms increased in all patients in whom sequelae remained and developed into giant aneurysms in five of the six patients in the late period (≧1 year after onset) [7] . However, despite starting plasma exchange after the beginning of coronary artery expansion, we demonstrated that plasma exchange could improve the size of coronary artery lesions in almost all of the patients. For example, after plasma exchange, coronary artery lesions regressed to within normal limits in six of the ten patients and improved in another two patients. This is consistent with a previous case report that plasma exchange therapy significantly improved coronary artery lesions [10] . Furthermore, the aneurysms did not develop into giant aneurysms even in more than 1 year after onset in all of our patients. The period of until the start of the plasma exchange after onset was 13.7 ± 5.7 days in our study, whereas 8.1 ± 1.9 days reported by Hokosaki et al. [7] . Though plasma exchange was started late, coronary artery lesions regressed in almost all of our patients. In addition, there were no stenosis of the coronary artery. Therefore, plasma exchange may be effective not only in treating coronary artery lesions but also in preventing sequelae in patients with IVIG-unresponsive disease when plasma exchange performed after coronary artery dilatation.
In this study, one patient died due to a ruptured giant coronary aneurysm (patient 9), and another patient showed progression to a giant aneurysm (patient 1). In Japan, approximately 0.3-0.4% of patients are reported to develop giant coronary aneurysms [11, 12] , and their formation is one of the most important factors affecting the prognosis of Kawasaki disease. Giant coronary aneurysms pose the greatest risk of thrombosis and stenosis (myocardial infarction). However, there is only a slight risk of rupture, and the incidence of rupture as a cause of death is very low compared with either myocardial infarction or myocarditis. There have been very few reports of ruptures of giant coronary aneurysms due to Kawasaki disease, although whenever reported, these were fatal [13] . Unfortunately, patient 9 died owing to a ruptured giant coronary aneurysm. Although plasma exchange basically should be indicated to IVIG-resistant patients, this patient had received IVIG and plasma exchange on the same day. Unstable circulation and anticoagulant associated with plasma exchange might influence the rupture of the aneurysm. In addition, it has been reported that the use of corticosteroids in the acute phase of Kawasaki disease for patients with evolving coronary artery aneurysms might be associated with worsening involvement and impaired vascular remodeling [14] . Therefore, plasma exchange and the use of corticosteroids may have serious concerns in some situation.
Recently, the age less than 1 year has been reported to be a significant risk factor for giant coronary aneurysms [15, 16] , with increased likelihoods also associated with age more than 5 years, especially in males [16] . In the Fig. 1 The serum C-reactive protein (CRP) levels decreased significantly from 9.9 ± 4.9 mg/dL to 1.9 ± 2.9 mg/dL (P < 0.05). PE, plasma exchange present study, two cases of giant coronary aneurysms occurred in patients younger than 1 year. In addition, patient 3 was male and younger than 1 year, while patient 10 was older than 5 years and male. Therefore, both age and sex appear to be important for the management of Kawasaki disease and should be considered when stratifying the risk of developing coronary aneurysms. When plasma exchange was started before coronary artery dilatation began, there were no sequelae [7] . Hokosaki et al. also found that the outcome of plasma exchange was better when plasma exchange started before day 9 after onset [7] . In the present study, two cases of giant coronary aneurysms were treated after more than 20 days had passed since the disease onset. These results are compatible with the view that plasma exchange should be started as early as possible, before coronary artery dilatation has started.
The pathogenesis of coronary artery aneurysm formation in Kawasaki disease remains unknown. It has been reported that elevations in proinflammatory cytokines, such as interleukin (IL)-6, tumor necrosis factor (TNF)-α, and IL-1β, are closely related to the pathogenesis of Kawasaki disease [17] [18] [19] . Fujimura et al. reported that IL-6, TNF-α (including TNF receptors 1 and 2), granulocyte colony-stimulating factor, and IL-17 were significantly decreased after plasma exchange treatment [20] . In particular, TNF-α has been shown to be necessary for the development of coronary artery lesions in Kawasaki disease [21] . Although we did not measure TNF-α in these patients, we did show that serum C-reactive protein levels and fever both improved rapidly after the initiation of plasma exchange treatment. Therefore, we speculate that the effect of plasma exchange might be related to the removal of these cytokines.
Adverse effects associated with plasma exchange, such as hypotension, bleeding, allergy, and infection, have been reported [22] . Although complications occurred in some patients, they were treatable and plasma exchange could be continued. Moreover, there were no deaths attributable to plasma exchange therapy. These findings indicate that plasma exchange is a safe treatment modality in children.
These results should, however, be considered in the context of the study's limitations. Notably, it had a small sample size and was not performed as a controlled clinical trial. We also did not compare plasma exchange with other therapies like infliximab, and the initial IVIG doses and timings may have differed from those used in other hospitals. A further clinical study that takes these issues into account might be needed.
Conclusions
In conclusion, plasma exchange may be effective in not only regressing coronary artery lesions but also preventing sequelae in patients with IVIG-unresponsive disease when plasma exchange is performed after coronary artery dilatation.
In addition, although plasma exchange generally appears to be safe, this study, in conjunction with other reports, indicates that outcomes are unfavorable if it is started when giant coronary aneurysms are present.
